Systemic inflammatory events often precipitate acute cognitive dysfunction in elderly and demented populations. Delirium is a highly prevalent neuropsychiatric syndrome that is characterized by acute inattention and cognitive dysfunction, for which prior dementia is the major predisposing factor and systemic inflammation is a frequent trigger. Inflammatory mechanisms of delirium remain unclear. We have modeled aspects of delirium during dementia by exploiting progressive neurodegeneration in the ME7 mouse model of prion disease and by superimposing systemic inflammation induced by the bacterial endotoxin lipopolysaccharide (LPS). Here, we have used this model to demonstrate that the progression of underlying disease increases the incidence, severity, and duration of acute cognitive dysfunction. This increasing susceptibility is associated with increased CNS expression of cyclooxygenase (COX)-1 in microglia and perivascular macrophages. The COX-1-specific inhibitor SC-560 provided significant protection against LPS-induced cognitive deficits, and attenuated the disease-induced increase in hippocampal and thalamic prostaglandin E 2 , while the COX-2-specific inhibitor NS-398 was ineffective. SC-560 treatment did not alter levels of the proinflammatory cytokines interleukin (IL)-1␤, tumor necrosis factor-␣, IL-6, or C-X-C chemokine ligand 1 in blood or brain, but systemic IL-1RA blocked LPS-induced cognitive deficits, and systemic IL-1␤ was sufficient to induce similar deficits in the absence of LPS. Furthermore, the well tolerated COX inhibitor ibuprofen was protective against IL-1␤-induced deficits. These data demonstrate that progressive microglial COX-1 expression and prostaglandin synthesis can underpin susceptibility to cognitive deficits, which can be triggered by systemic LPS-induced IL-1␤. These data contribute to our understanding of how systemic inflammation and ongoing neurodegeneration interact to induce cognitive dysfunction and episodes of delirium.
Introduction
Systemic inflammation can induce acute cognitive impairment in the vulnerable brain Chen et al., 2008; Murray et al., 2012) . The clearest evidence for this in clinical populations is the frequent precipitation of delirium by surgical and inflammatory insults (MacLullich et al., 2008) . Delirium is a profound acute disturbance of consciousness and cognitive function that is very common in the aged and demented populations, with a prevalence of 22-89% (Fick et al., 2002) . Episodes of delirium are associated with significant lengthening of hospital stays, subsequent cognitive decline (MacLullich et al., 2009; Davis et al., 2012) , acceleration of dementia (Kat et al., 2008; Fong et al., 2009) , and earlier permanent institutionalization (Witlox et al., 2010) . Despite this considerable medical and economic burden, delirium is poorly understood (MacLullich and Hall, 2011) , and a lack of animal models has contributed to this. Aging and dementia are the major risk factors for delirium, and, on this background of prior cognitive impairment, systemic inflammation is among the most common triggers (MacLullich et al., 2008) .
We have exploited these etiological factors to create an animal model to study aspects of delirium induced by systemic inflammation superimposed on prevalent dementia (Murray et al., 2012) . Key neurobiological features of dementia were modeled using the ME7 model of prion disease, which shows extracellular amyloidosis, synaptic loss, neuronal loss, and a well characterized sequence of affective, cognitive, and neurological changes (Guenther et al., 2001; Cunningham et al., 2003) . By challenging normal and ME7 animals with the low-dose bacterial endotoxin lipopolysaccharide (LPS; 100 g/kg) to mimic Gram-negative bacterial infection, we demonstrated that systemic inflammation induces acute and transient working memory deficits in animals with prior neurodegenerative disease without effect in normal animals. LPS also impaired learning of a Y-maze task in these animals but did not impair memory of spatial information learned before LPS treatment . These data are consistent with clinical data showing impairments in tasks requiring attention to and memory for trial-specific details but relative preservation of crystallized memory (Brown et al., 2011) . Inattention and short-term memory deficits of acute onset and transient course are key features of DSM-IV (American Psy-chiatric Association, 1994) and ICD-10 (World Health Organization, 1992 ) definitions of delirium. Thus, this animal model has validity for performing mechanistic studies relevant to understanding how systemic inflammation and underlying neurodegeneration interact to produce delirium.
Consistent with a neuroinflammatory hypothesis of delirium (Cunningham and Maclullich, 2013) , mediators such as interleukin (IL)-6 and IL-8 are associated with postsurgical delirium (Beloosesky et al., 2007; van Munster et al., 2008; MacLullich et al., 2011) , but specific inflammatory mediators cannot be demonstrated as being causal in clinical association studies. Here, using the previously described model system, we hypothesized that underlying neurodegenerative disease would lead to changes in prostaglandins and that this would progressively predispose these animals to acute cognitive dysfunction in response to systemic inflammation. Furthermore, we hypothesized that cyclooxygenase (COX) inhibition using selective nonsteroidal antiinflammatory drugs (NSAIDs) would protect against the acute cognitive deficits induced by systemic LPS, via inhibition of prostaglandin synthesis.
Materials and Methods
Animals and stereotaxic surgery. Female C57BL/6 mice at 8 -12 weeks of age (Harlan Olac Ltd) were housed in cages containing five mice at 21°C with a 12 h light/dark cycle, and food and water available ad libitum. They were anesthetized with intraperitoneal injection of Avertin (2,2,2-tribromoethanol 50% w/v in tertiary amyl alcohol, diluted 1:40 in H 2 O; 20 ml/kg, i.p.) and stereotactically injected bilaterally with 1 l of a 10% w/v scrapie (ME7 strain)-infected C57BL/6 brain homogenate [or 10% w/v normal brain homogenate (NBH)] at bregma (anteroposterior, Ϫ2.0 mm; mediolateral, Ϯ1.6 mm; dorsoventral, Ϫ1.7 mm) using a Hamilton microsyringe. All animal procedures were performed in strict accordance with Irish Department of Health and Children regulations, after approval by the Trinity College Animal Research Ethics Committee.
Intraperitoneal challenges. Experimental groups with ME7 or NBH were injected intraperitoneally with 100 g/kg LPS (Salmonella Equine abortus; L5886, Sigma) in saline (10 ml/kg injection volume) at 12 or 15-16 weeks postinoculation. This dose mimics a mild-to-moderate infection, producing small changes (Ͻ1°C) in core body temperature, and has been previously shown to produce acute working memory deficits in ME7 animals (Murray et al., 2012) . Control animals were administered nonpyrogenic saline in each case. In subsequent experiments, piroxicam (10 mg/kg in 0.2 M Tris-HCl, pH 8), NS-398 (8 mg/kg in 33% DMSO), SC-560 (30 mg/kg in 24% DMSO), and ibuprofen (30 mg/kg in saline) were administered intraperitoneally 60 min before LPS, and human recombinant IL-1RA (10 mg/kg in saline; Peprotech) was administered intraperitoneally at the same time as LPS. Piroxicam has previously been shown to effect robust inhibition of systemic prostaglandin E 2 (PGE 2 ) levels (Teeling et al., 2010) , while NS-398 and SC-560 are specific inhibitors of COX-2 and COX-1, respectively. A subset of naive C57BL/6 mice were administered NS-398 (4 mg/kg, i.p.) and challenged with LPS (100 g/kg) to test the ability of NS-398 to provide appropriate antiinflammatory action in a well described paradigm. Another group of ME7 animals were challenged with recombinant mouse IL-1␤ (Escherichia coli derived; 401-ML/CF, R&D Systems) at a dose of 15 g/kg, i.p., in saline. The dose was chosen based on previous work in the laboratory, which indicated it could induce a systemic and CNS inflammatory response with similar hypothermic effects as the LPS dose used in the current study (data not shown).
T-maze alternation: working memory. We assessed working memory (3-8 h post-LPS administration) using alternation behavior in our previously described "escape from shallow water" T-maze task to allow assessment of working memory performance in animals experiencing sickness behavior (Murray et al., 2012) . The T-maze was constructed of black Perspex with the following dimensions: long axis, 67 cm; short axis, 38 cm; depth, 20 cm; and arm width, 7 cm. There was a single 40-mmdiameter hole at the end of each choice arm, 2 cm from the floor. Black exit tubes were inserted into these holes (these may also be blocked to prevent exit). A "guillotine" door was inserted to prevent access to one or other choice arm. This maze was filled with water at 20°C to a depth of 2 cm to motivate mice to leave the maze by "paddling" or walking "on tip-toe" to an exit tube. Animals were taken with their cage mates to a holding cage. Each mouse was placed in the start arm of the maze with one arm blocked such that they were forced to make a left (or right) turn, selected in a pseudo-random sequence (equal numbers of left and right turns, no more than two consecutive runs to the same arm). On making this turn, the mouse could escape from the water by entering the small tube, and then a transit tube, in which it was carried to another holding cage. The mouse was held here for 25 s (intratrial interval), during which time the guillotine door was removed and the exit tube was switched to the alternate arm. The mouse was then replaced in the start arm and could choose either arm. The mouse must alternate from its original turn to escape. On choosing correctly, mice escape to the transit tube as before and are returned to their home cage. On choosing incorrectly, the mice were allowed to self-correct to find the correct exit arm. Animals were trained for blocks of 10 trials (intertrial interval of 20 min) before other experimental manipulations are performed. If animals developed a side preference early in training, a correction strategy could be used, as described in Murray et al. (2012) . This correction strategy was never used within 2 d of testing for the memory-disruptive effects of substances. Only animals maintaining a criterion performance of Ն80%, and not showing any evidence of a side preference, were subsequently challenged with LPS.
RNA isolation, cDNA synthesis, and quantitative PCR. The isolation of total RNA, the synthesis of cDNA, and the analysis of transcription by quantitative PCR have been performed essentially as previously described (Cunningham et al., 2007) . Briefly, treated animals were transcardially perfused with heparinized saline, and the region of known prion pathology encompassing the hippocampus and thalamus was punched out of coronal brain sections of ϳ2 mm thickness. Tissue was snap frozen in liquid nitrogen and stored at Ϫ80°C. Total RNA was extracted from brain samples using Qiagen RNeasy Plus mini kits according to the manufacturer's instructions. Contaminating genomic DNA was removed using the Qiagen RNase-free DNase I enzyme. RNA yields were determined by spectrophotometry at 260 and 280 nm, and were stored at Ϫ80°C until cDNA synthesis and PCR assay. Using a High Capacity cDNA Reverse Transcriptase Kit (Applied Biosystems), cDNA was synthesized from total RNA. Two hundred nanograms of total RNA were reverse transcribed in a 10 l reaction volume and 1 l of the reverse transcription (RT) reaction was used for PCR. Reagents were supplied by Applied Biosystems (SYBR Green PCR Master Mix) and Roche [FastStart Universal Probe Master (Rox) ]. Assays were designed using the published sequences for the genes of interest, and Primer Express software and primer pairs were checked for specificity by standard RT-PCR using Promega PCR reagents. Assays were quantified using a relative standard curve, as previously described , constructed from cDNA synthesized from 1 g of total RNA isolated from mice showing upregulation of all target transcripts of interest in this study.
ELISA for plasma cytokines. Under terminal anesthesia, the thoracic cavity was opened and blood was collected in heparinized tubes directly from the right atrium of the heart. Whole blood was centrifuged at 3000 rpm for 15 min at 4°C to remove cells, and the remaining plasma was aliquoted and stored at Ϫ20°C. These samples were then analyzed for IL-1␤, tumor necrosis factor-␣ (TNF-␣), IL-6, and chemokine C-X-C ligand-1 (CXCL-1). TNF-␣, IL-6, and CXCL-1 were quantified using R&D Systems DuoSet sandwich-type ELISA, while IL-1␤ was analyzed using a Quantikine kit (R&D Systems). A standard protocol was followed as previously described (Murray et al., 2011) except for IL-1␤, which was used according to the manufacturer's instructions with minor modification. Standards ranged from 500 to 7.8 pg/ml. Samples for other cytokine assays were serially diluted as follows: TNF-␣, 1:2 and 1:4; IL-6, 1:12, 1:36, and 1:108; and CXCL1, 1:9, 1:81, and 1:243. Standards were prepared in the range of 1000 -8 pg/ml, and samples were quantified only if the absorbance fell on the linear portion of the standard curve.
ELISA for brain PGE 2 . PGE 2 levels in hippocampal and hypothalamic tissue were quantified using a PGE 2 EIA kit [Enzo Life Sciences (previ-ously manufactured by Assay Designs)]. Standards were in the range of 2500 -39.1 pg/ml. Briefly, hippocampal tissue was homogenized in 200 l of homogenization buffer (0.1 M phosphate buffer, pH 7.4, containing 1 mM EDTA and 10 M indomethacin), mixed with 1 ml of 100% ethanol, and kept on ice for 30 min. Samples were centrifuged at 3000 rpm for 10 min at 4°C and transferred to an empty tube, and the ethanol was evaporated under a constant stream of nitrogen. Samples were then resuspended in 250 l of assay buffer, vortexed, and then allowed to rest for 5 min. This was repeated twice more. PGE 2 levels were then measured according to manufacturer's instructions. Sample PGE 2 concentrations were then normalized to the wet weight of the piece of tissue analyzed.
Immunohistochemistry. ME7 and NBH animals at 12 and 16 weeks postinoculation and at 3 h post-LPS/saline administration were perfused transcardially with heparinized saline (5 U/ml) followed by 10% formalin, and were paraffin wax embedded for immunohistochemistry. Sections were labeled with antibodies against COX-1 (catalog #160109, Cayman Chemicals), COX-2 (sc-1747, Santa Cruz Biotechnology), and ionized calcium-binding adapter molecule-1 (IBA-1; Abcam). The IBA-1 protocol was adapted to include a 20 min pepsin pretreatment, as described below. Primary antibody against IBA-1 was used at 1:2000. In the case of COX-1, nonspecific peroxidase activity was eliminated by incubating sections in 1 ml of 30% H 2 O 2 /100 ml of methanol for 10 min before antigen retrieval was performed by microwaving in citrate buffer, pH 6, for 2 ϫ 5 min. Sections were washed and treated with pepsin for 10 min (prepared at 0.4% in 0.01 M HCl and diluted 1:8). This pretreatment was also used with IBA-1. After washing, sections were blocked with normal sera and incubated overnight with primary antibodies at 1:600. Labeling was completed using the appropriate biotinylated secondary antibody ABC complex and diaminobenzidine as chromagen before hematoxylin counterstaining.
Double labeling and confocal microscopy. Double-labeling experiments were performed using the primary antibody MR5D3 (AbD, Serotec) against CD206, a marker of perivascular macrophages (PVMs), and the COX-1 and IBA-1 primary antibodies described above. The Alexa Fluor (Invitrogen Biosciences) secondary reagents were as follows: goat antirabbit 488 (COX-1), chicken anti-rat 594 (CD206), and donkey anti-goat 546 (IBA-1) used at 1:400. Sections were treated for 20 min with 0.04% pepsin in 0.1 M HCl. For COX-1 and CD206, sections were blocked in 10% normal goat serum plus 10% normal chicken serum in PBS. CD206 primary antibody was incubated overnight (1:1500). The following day, sections were incubated in ant-rat 594 antibody and treated overnight with the primary antibody against COX-1 (1:600). Following the addition of the anti-rabbit 488, sections were mounted in ProLong Gold (Invitrogen Biosciences) and coverslipped. For COX-1 and IBA-1, sections were blocked in 10% normal donkey serum. IBA-1 antibody was incubated overnight (1:2000). The following day, sections were incubated in anti-goat 546 antibody and treated overnight with the primary antibody against COX-1 (1:600). Following the addition of the antirabbit 488, sections were mounted in ProLong Gold (Invitrogen Biosciences) and coverslipped. Double-labeled sections were visualized and captured on an Olympus FV1000 confocal microscope using sequential excitation at 488 and 594 (or 546) excitation with a 60ϫ oil objective (numerical aperture, 1.35). Images shown for COX-1 and CD206 are single sections of 0.36 m extracted from Z-stacks of 10 m sections.
Statistical analyses. Behavioral data were compared by repeatedmeasures ANOVA with Bonferroni post hoc analyses performed after any significant main effect. All PCR and ELISA data were compared by twoway ANOVA, with Bonferroni post hoc analyses performed after any significant main effect, with the exception of hippocampal PGE 2 in Figure 4 , which was analyzed by one-way ANOVA with Bonferroni post hoc analyses. All data were analyzed using GraphPad Prism 5.0 for Mac OS X.
Results

Progression of disease increases the incidence, severity, and duration of acute exacerbations of cognitive function
To assess how the progression of disease influenced susceptibility to systemic inflammation-induced working memory deficits, we administered LPS (100 g/kg, i.p.) to ME7 animals at 12 weeks or 15-16 weeks postinoculation. Regardless of the time point in disease, we challenged only ME7 animals that were still performing the task above the criterion (see Materials and Methods). As can be observed in Figure 1 , ME7 animals at 12 or 15-16 weeks used in this part of the study showed equivalent performance before their challenge with LPS, and those challenged with saline maintained good performance across the entire experiment. NBH animals challenged with LPS (100 g/kg, i.p.) did not show any impairment in working memory performance (alternation) between 3 and 8 h, but there were clear effects of LPS in ME7 animals and these were different at 12 and 15-16 weeks (Fig. 1) . Repeated-measures ANOVA showed a main effect of treatment ( p Ͻ 0.0001, F (3,48) ϭ 18.43), a main effect of time ( p Ͻ 0.0001, F (6,288) ϭ 5.945), and an interaction between these two factors (p ϭ 0.0037, F (18,288) ϭ 2.201). ME7 animals at 12 weeks postinoculation showed decreased alternation at 5 h post-LPS (p Ͻ 0.05 vs NBHϩLPS), although robust impairment did not occur in all animals and deficits had resolved by 24 h. By contrast, LPS-challenged ME7 animals at 15-16 weeks postinoculation showed robustly decreased alternation performance, and this impairment was more prolonged, peaking at 7 h and remaining incompletely resolved at 24 h (p Ͻ 0.05 with respect to ME7ϩsaline). Bonferroni post hoc analyses show that the working memory of ME7ϩLPS animals at 15 weeks remained impaired with respect to NBHϩLPS controls between 3 and 8 h (p Ͻ 0.01 at 3 h; p Ͻ 0.001 at 5 and 7 h) and was also significantly impaired with respect to ME7ϩLPS animals (12 weeks) at 7 h (p Ͻ 0.05). Thus, LPS has more profound effects at 15-16 weeks of disease compared with 12 weeks postinoculation. These data demonstrate that progression of disease predicts increased incidence, severity, and duration of acute working memory deficits induced by systemic inflammation.
Prostaglandin biosynthetic enzymes during disease progression and after LPS challenge
Brain tissue punches, which encompassed the hippocampus and thalamus (area of maximum pathology in ME7 model; Fig. 2b , dotted line) were taken from NBH and ME7 animals. The transcription of mRNA for the biosynthetic enzymes COX-1, COX-2, microsomal PGE synthase 1 (mPGES)-1, mPGES-2, and cytosolic PGES (cPGES) was then examined as a function of disease Figure 1 . Disease progression increases the incidence, severity, and duration of acute exacerbations of cognitive dysfunction. Working memory was assessed by alternation in the paddling T-maze. All animals were assessed 24 h before acute challenge, tested for 5-6 h postchallenge, and reassessed 24 h after challenge. T-maze alternation of NBH animals (n ϭ 9) versus ME7 animals at 12 weeks (n ϭ 16) or 15-16 weeks (n ϭ 15) postinoculation challenged with LPS (100 g/kg) and ME7 animals at 15-16 weeks challenged with sterile saline (n ϭ 12) were compared by two-way ANOVA. Significant post hoc differences between ME7ϩLPS (12 weeks and 15-16 weeks) and NBHϩLPS are denoted as follows: *p Ͻ 0.05; **p Ͻ 0.01; and ***p Ͻ 0.001. Significant post hoc differences between ME7ϩLPS (15-16 weeks) and ME7ϩLPS (12 weeks) animals are denoted as follows:
ϩ p Ͻ 0.05. All data have been presented as the mean Ϯ SEM. sal, Saline; w, week; hr, hour.
progression (Fig. 2c) and in response to LPS challenge (Fig. 2d) in these hippocampal/thalamic punches. COX-1 mRNA expression was increased in ME7 animals with progressing disease. Analysis by two-way ANOVA revealed that there was a main effect of disease ( p Ͻ 0.0001, F (1,16) ϭ 110.7), a main effect of time ( p ϭ 0.0002, F (1,16) ϭ 22.76), and an interaction of disease and time ( p ϭ 0.0021, F (1,16) ϭ 13.41). Post hoc Bonferroni tests revealed a significant increase in COX-1 expression in ME7 at both 12 and 16 weeks versus NBH control ( p Ͻ 0.001) and a further increase at 16 weeks versus ME7 at 12 weeks ( p Ͻ 0.001). COX-2 mRNA expression also showed a disease-associated increase, although this was less marked and was not yet obvious at 12 weeks. There was a main effect of disease ( p ϭ 0.0034, F (1,16) ϭ 11.75), a main effect of time ( p ϭ 0.0241, F (1,16) ϭ 6.202), and an interaction between these two factors ( p ϭ 0.0241, F (1,16) ϭ 6.206). Bonferroni post hoc tests revealed a significant increase in COX-2 expression in ME7 at 16 weeks with respect to NBH control and ME7 at 12 weeks. mPGES-1 was also induced by disease progression, and there were main effects of disease ( p Ͻ 0.0001, F (1,15) ϭ 38.21) and of time ( p ϭ 0.1609, F (1,15) ϭ 6.094). Bonferroni post hoc analyses revealed a significant increase in mPGES-1 expression at both 12 and 16 weeks with respect to NBH control ( p Ͻ 0.05, p Ͻ 0.001 respectively), with a further increase in ME7 at 16 weeks versus ME7 at 12 weeks ( p Ͻ 0.05). Expression of mPGES2 and cPGES mRNA was not significantly altered by disease progression.
The effect of LPS challenge on the transcription of mRNA for these biosynthetic enzymes was also assessed in ME7 animals, 16 weeks postinoculation (Fig. 2d) . At 2 h postchallenge with LPS (100 g/kg),there was a main effect of LPS on COX-2 mRNA ( p ϭ 0.0029, F (1,21) ϭ 11.33) and on mPGES-1 expression ( p ϭ 0.0023, F (1,16) ϭ 13.06). Expression of COX-1, mPGES2, and cPGES was not altered by LPS challenge. These data demonstrate increased expression of prostaglandin biosynthetic enzymes COX-1, COX-2, and mPGES-1 with the progression of disease and inducible expression of COX-2 and mPGES-1 with systemic inflammatory challenge.
Immunohistochemical detection of microglia, COX-1, and COX-2
We used IBA-1 to show the distribution of microglial cells in the hippocampus and thalamus (Fig. 3) , and counted the number of IBA-1-positive cells per field of view at 20ϫ magnification (counts were performed in four dorsal hippocampal fields of view per animal). These cells can be seen to increase from NBH to ME7 at 12 weeks (NBH: n ϭ 3, 20 Ϯ 1 cells; ME7 at 12 weeks: n ϭ 4, 60 Ϯ 5 cells) and to increase in number to ME7 at 16 weeks (n ϭ 3, 80 Ϯ 17 cells; Fig. 3a-c) . Neither microglial cell density nor numbers significantly change after LPS challenge (n ϭ 3, 88 Ϯ 16 cells; Fig. 3d ), as reported in the initial description of microglial priming . Cells were too densely packed in the thalamus to reliably count. COX-1-positive cells showed similarly increased numbers as disease progressed (Fig.   Figure 2 . Expression of prostaglandin biosynthetic enzymes during disease progression and post-LPS challenge. a, b, Low-magnification (2.5ϫ) images of IBA-1 immunohistochemistry showing the pattern of microgliosis in the hippocampus and thalamus of NBH (a) and ME7 (16 week; b) animals. The circled region is the hippocampal and thalamic "punch" dissected from 2 mm coronal sections and used for PCR analysis. The transcription of mRNA species for the biosynthetic enzymes COX-1, COX-2, mPGES-1, mPGES-2, and cPGES were assessed in the hippocampal and thalamic region of the brain using quantitative PCR. c, NBH at 12 and 16 weeks postinoculation is shown by white bars; ME7 at 12 and 16 weeks is shown by black bars. Expression was assessed by two-way ANOVA with significant post hoc Bonferroni analyses 4 denoted by **p Ͻ 0.01, ***p Ͻ 0.001 with respect to NBH controls and ϩϩ p Ͻ 0.01, ϩϩϩ p Ͻ 0.001 with respect to ME7 animals at 12 weeks; n ϭ 4 for all groups except for ME7 at 12 weeks (n ϭ 8) for COX-1 and COX-2; and ME7 at 16 weeks (n ϭ 7) for the PGE synthases. d, The effect of saline or LPS injection on NBH and ME7 at 16 weeks is shown by white and gray bars, respectively. Expression was assessed by two-way ANOVA with post hoc Bonferroni analyses: *p Ͻ 0.05 with respect to saline-treated control. n ϭ 7 for all groups except NBHϩsaline (n ϭ 6) for COX-1 and COX-2; NBHϩsaline (n ϭ 4), NBHϩLPS (n ϭ 5), ME7ϩsaline (n ϭ 7), and ME7ϩLPS (n ϭ 4) for the PGE synthases. All data have been presented as the mean Ϯ SEM.
3e-h). These cells are clearly morphologically identifiable as microglia (Fig. 3g , inset) and were confirmed, using double-labeling immunofluorescence for COX-1 and IBA-1, to be microglia ( Fig.  3i-k) . There were also a number of vascular-associated cells that show a perinuclear labeling pattern and can be clearly distinguished from the unlabeled endothelial cell layer (Fig. 3h, inset) . These cells were confirmed, using double-labeling immunofluoresence for COX-1 and CD206, to be perivascular macrophages ( Fig. 3l-n) . Thus, COX-1 is strongly expressed in both microglia and PVMs. COX-2 was increased in ME7 with respect to NBH (Fig. 3o-r) . However, COX-2 labeling is induced at the endothelium following LPS challenge (Fig. 3r, inset) . Preabsorption of the COX-2 antibody with a blocking peptide completely ablates the well described post-LPS COX-2 labeling of the endothelium (Fig.  3p, inset ) and the constitutive neuronal COX-2-positive labeling. It also blocks the observed microglial COX-2 labeling without effect on COX-1 labeling. Collectively, these data illustrate reliable and specific COX-2 labeling using this antibody.
Effects of cyclooxygenase inhibition on LPS-induced working memory deficits and brain prostaglandin levels
Since there were both disease-associated and LPS-induced changes in the expression of prostaglandin biosynthetic enzymes, we assessed the ability of COX inhibition to prevent the acute working memory deficits induced by LPS in ME7 animals. We have demonstrated that LPS has no effect on T-maze alternation in NBH animals ( Fig. 1) , and similarly, we have also demonstrated that saline injection has no effect on working memory in ME7 animals (Fig. 1) ; therefore, we do not repeat these groups in subsequent cognitive experiments. The nonspecific cyclooxygenase inhibitor piroxicam afforded significant protection against the acute working memory deficits induced by LPS (Fig. 4a ).
There was a main effect of treatment ( p Ͻ 0.0001, F (2,27) ϭ 17.11) and a main effect of time ( p Ͻ 0.0001, F (6,162) ϭ 6.12). Bonferroni post hoc tests revealed a decrease in T-maze alternation in the ME7ϩLPS at 3 and 5 h (p Ͻ 0.01) and at 7 h (p Ͻ 0.05), and a significant difference between ME7ϩLPS and ME7ϩLPSϩ piroxicam at 3 h postchallenge ( p Ͻ 0.05), indicating that piroxicam prevented LPS-induced decrease in T-maze alternation. As piroxicam was effective in attenuating LPS-induced working memory deficits, we also assessed its impact on PGE 2 levels in the hippocampus and thalamus, which were elevated in ME7 animals (Fig. 4b ). There was a significant main effect by one-way ANOVA ( p ϭ 0.0001, F (4,29) ϭ 8.848), and post hoc Bonferroni analyses revealed a significant disease-associated increase in hippocampal and thalamic PGE 2 levels. ME7ϩsaline had markedly higher levels of PGE 2 relative to NBHϩsaline animals (p Ͻ 0.05, t ϭ 3.441) but was not different to ME7ϩLPS (p Ͼ 0.05).
Piroxicam completely ablated the synthesis of PGE 2 in ME7 animals challenged with LPS relative to ME7ϩLPS (p Ͻ 0.05, t ϭ 3.819), suggesting inhibition of both isoforms of cyclooxygenase. Since systemic administration of LPS induced COX-2 expression at the brain endothelium, we next assessed the ability of a COX-2-specific inhibitor to prevent LPS-induced working memory deficits (Fig. 5a) . Pretreatment of animals with the specific COX-2 inhibitor NS-398 did not protect against LPS-induced working memory deficits: there were significant effects of time ( p Ͻ 0.0001, F (6,138) ϭ 8.906) and treatment ( p ϭ 0.0307, F (2,138) ϭ 4.067), reflecting the LPS-induced deficit in working memory, but there was no difference between ME7ϩLPS and . Nonspecific COX inhibition protects against LPS-induced working memory deficits and attenuates disease-associated increases in hippocampal PGE 2 . a, Working memory was assessed by alternation in the paddling T-maze. ME7 animals were challenged with LPS (100 g/kg, n ϭ 11) or saline (n ϭ 7) in the presence of the nonspecific COX inhibitor piroxicam administered at 10 mg/kg, i.p., 60 min before LPS injection. Control ME7 animals (ME7ϩLPS, n ϭ 12) were challenged with LPS 60 min post-vehicle injection (0.2 M Tris-HCl). Data were analyzed by two-way ANOVA, and Bonferroni post hoc analyses followed significant main effects: **p Ͻ 0.01, *p Ͻ 0.05 with respect to ME7ϩpiroxicam (PIROX); ϩ p Ͻ 0.05 with respect to ME7ϩLPSϩPIROX. b, Hippocampal and thalamic PGE 2 was measured in NBH and ME7 animals 2 h postchallenge with LPS or saline, in the presence or absence of piroxicam. After a significant main effect by one-way ANOVA, Bonferroni post hoc tests revealed significant differences as denoted by *p Ͻ 0.05 with respect to NBHϩsaline, and ϩϩϩ p Ͻ 0.001 with respect to ME7ϩsaline. NBHϩsaline, n ϭ 7; NBHϩLPS, n ϭ 5; ME7ϩsaline, n ϭ 9; ME7ϩLPS, n ϭ 9; ME7ϩLPSϩpiroxicam, n ϭ 4. All data have been presented as the mean Ϯ SEM. Figure 5 . COX-2-specific inhibition fails to protect against LPS-induced working memory deficits, and does not affect disease-associated elevated hippocampal and thalamic PGE 2 , but blocks LPS-induced increases in hypothalamic PGE 2 . a, Working memory was assessed by alternation in the paddling T-maze. ME7 animals were challenged with LPS (100 g/kg, i.p.; n ϭ 9) or saline (n ϭ 9) in the presence of the COX-2-specific inhibitor NS-398 administered at 8 mg/kg, i.p., 60 min before LPS injection. Control ME7 animals (ME7ϩLPS, n ϭ 8) were challenged with LPS 60 min post-vehicle injection (33% DMSO). Data were analyzed by two-way ANOVA, and Bonferroni post hoc analyses followed significant main effects: *p Ͻ 0.05 with respect to saline challenged animals (ME7ϩNS-398). b, Hippocampal and thalamic PGE 2 levels were measured in NBH and ME7 animals in the presence or absence of NS-398 (8 mg/kg, i.p.). There was a significant main effect of disease by two-way ANOVA but no effect of COX-2 inhibition on PGE 2 concentrations (NBHϩvehicle, n ϭ 3; NBHϩNS-398, n ϭ 4; ME7ϩvehicle, n ϭ 4; ME7ϩNS-398, n ϭ 5). c, Hypothalamic PGE 2 was measured 2 h postchallenge with LPS or saline, in the presence (n ϭ 5 per group) or absence (n ϭ 4 per group) of NS-398 (4 mg/kg, i.p.). After a significant main effect by two-way ANOVA, Bonferroni post hoc tests revealed significant differences, as denoted by *p Ͻ 0.05 with respect to vehicleϩsaline, and ϩ p Ͻ 0.05 with respect to vehicleϩLPS. All data have been presented as the mean Ϯ SEM.
ME7ϩLPSϩNS-398, indicating that NS-398 could not prevent the LPS-induced decrease in T-maze alternation. Moreover, NS-398 did not significantly attenuate the disease-induced increase in hippocampal and thalamic PGE 2 (Fig. 5b ). There was a significant effect of disease ( p ϭ 0.0157, F (1,12) ϭ 7.901), reflecting the increase in hippocampal and thalamic PGE 2 in ME7 animals but no effect of NS-398 treatment, supporting the hypothesis that the disease-induced increase in hippocampal PGE 2 is primarily COX-1 dependent. To control for the efficacy of NS-398 per se, we assessed the ability of NS-398 pretreatment to attenuate LPSinduced hypothalamic PGE 2 (Fig. 5c ). There was a main effect of LPS ( p ϭ 0.0349, F (1,14) ϭ 5.454) and of NS-398 ( p ϭ 0.0332, F (1.14) ϭ 5.578). Bonferroni post hoc analyses revealed a significant induction of hypothalamic PGE 2 as a result of LPS challenge ( p Ͻ 0.05) as expected, which was blocked by NS-398 treatment (NS-398ϩLPS vs vehicleϩLPS, p Ͻ 0.05), confirming the efficacy of the drug. We also found that pretreatment with the COX-2-selective drug nimesulide (10 mg/kg, i.p.) was not protective against the LPS-induced deficits (data not shown).
In light of these results, we assessed the ability of COX-1-specific inhibition to protect against inflammation-induced cognitive deficits using the COX-1-specific inhibitor SC-560 (Fig.  6a) . SC-560 showed protection against LPS-induced deficits. There was a main effect of time ( p Ͻ 0.0001, F (6,204) ϭ 7.955), a main effect of treatment ( p ϭ 0.0286, F (2,34) ϭ 3.952), and a significant interaction between these two factors ( p ϭ 0.0105, F (12, 204) ϭ 2.259). Bonferroni post hoc analyses revealed a significant LPS-induced deficit in T-maze alternation peaking at 5 h postchallenge ( p Ͻ 0.01 with respect to saline-challenged controls), which was blocked by treatment with SC-560 ( p Ͻ 0.05), indicating that COX-1-specific inhibition provides significant protection against inflammation-induced cognitive deficits in diseased animals. Moreover, SC-560 decreased the concentrations of PGE 2 in the hippocampus and thalamus of ME7 animals (Fig. 6b) . Analysis by two-way ANOVA revealed a significant effect of treatment ( p Ͻ 0.0001, F (1,15) ϭ 43.73) but no main effect of challenge, indicating that PGE 2 in the hippocampus and thalamus was reduced by SC-560 treatment in both ME7ϩsaline ( p Ͻ 0.001) and ME7ϩLPS ( p Ͻ 0.01) groups relative to vehicletreated controls. However, a direct comparison of the two SC-560-treated groups by Student's t test indicated that in the absence of COX-1-mediated PGE 2 , LPS still induces a detectable increase in hippocampal and thalamic PGE 2 ( p ϭ 0.0297, t ϭ 2.722; Fig. 6b ). These data suggest that COX-1-specific inhibition can reduce disease-elevated prostaglandins in the brain but has no impact on LPS-induced prostaglandin production, which is mediated by COX-2. Despite this lack of effect against COX-2-mediated PGE 2 synthesis, SC-560 is nonetheless protective against LPS-induced deficits.
Effects of SC-560 on systemic and CNS proinflammatory cytokines
To assess whether SC-560 may have exerted its effects via inhibition of cytokine synthesis, systemic proinflammatory cytokine synthesis was also examined in the plasma of ME7 animals 2 h post-LPS challenge with or without SC-560 pretreatment (Fig. 7) . Data were analyzed by two-way ANOVA, and significant main effects were followed by post hoc Bonferroni analyses. There was a significant main effect of LPS challenge on IL-1␤ concentration in the plasma ( p Ͻ 0.001, F (1,15) ϭ 41.96) but no effect of SC-560 treatment, indicating an LPS-induced increase in plasma IL-1␤, which was not affected by COX-1 inhibition. Similarly for plasma IL-6, TNF␣, and CXCL-1, LPS induced a significant increase in plasma concentrations of these proinflammatory cytokines (main effect of challenge, respectively: p Ͻ 0.0001, F (1,15) ϭ 37.64; p ϭ 0.0039, F (1,14) ϭ 11.88; p Ͻ 0.0001, F (1,15) ϭ 155.8), but SC-560 treatment had no effect. Thus, systemically administered SC-560 has no impact on the induction of plasma cytokine concentrations induced by systemic LPS.
Quantitative PCR for these proinflammatory cytokines was also examined in the hippocampus and thalamus (Fig. 7) . Systemic LPS induced robust transcription of the mRNA species for IL-1␤, IL-6, TNF-␣, and CXCL-1 in the hippocampus and thalamus of ME7 animals compared with saline-treated ME7 animals. Pretreatment with SC-560 did not inhibit the transcription of any of these cytokines. Two-way ANOVAs revealed the main effects of challenge (for IL-1␤, IL-6, TNF-␣, and CXCL-1, respectively: p Ͻ 0.0001, F (1,15) ϭ 111.4; p Ͻ 0.0001, F (1,15) ϭ 91.21; p ϭ 0.0099, F (1,15) ϭ 8.704; p Ͻ 0.0001 F (1,15) ϭ 92.74) but no effect of treatment. Thus, systemically administered SC-560 has no impact on the induction of CNS inflammatory cytokine transcripts by LPS. Similar to the results for the SC-560 study, piroxicam did not attenuate the LPS-induced inflammatory cytokine response (data not shown) at both the plasma and brain transcript level. . COX-1-specific inhibition provides clear protection against LPS-induced working memory deficits, and decreases hippocampal and thalamic prostaglandin E 2 concentrations. a, Working memory was assessed by alternation in the paddling T-maze. ME7 animals were challenged with LPS (100 g/kg, i.p.; n ϭ 13) or saline (n ϭ 8) in the presence of the COX-1-specific inhibitor SC-560 administered at a dose of 30 mg/kg, i.p., 60 min before LPS injection. Control ME7 animals (ME7ϩLPS, n ϭ 16) were challenged with LPS 60 min post-vehicle injection (24% DMSO). Data were analyzed by two-way ANOVA, and Bonferroni post hoc analyses followed significant main effects: **p Ͻ 0.01 denotes a significant decrease in ME7ϩLPS alternation versus ME7ϩSC-560; and ϩ p Ͻ 0.05 versus ME7ϩLPSϩSC-560. b, Hippocampal and thalamic PGE 2 levels were measured in ME7 animals 2 h postchallenge with LPS or saline, in the presence or absence of SC-560 (30 mg/kg, i.p.). After a significant main effect by two-way ANOVA, Bonferroni post hoc tests revealed significant differences, as denoted by ϩϩ p Ͻ 0.01 and ϩϩϩ p Ͻ 0.001 with respect to vehicle-treated controls; n ϭ 5 per group with the exception of ME7ϩsalineϩSC-560 (n ϭ 4). All data have been presented as the mean Ϯ SEM.
LPS induces working memory deficits via IL-1␤, and ibuprofen pretreatment blocks these
Although both piroxicam and SC-560 block LPS-induced working memory deficits in the absence of any effect on systemic or central cytokines, proinflammatory cytokines have been implicated in clinical delirium (Beloosesky et al., 2007; van Munster et al., 2008; MacLullich et al., 2011) . We hypothesized that systemic IL-1␤ might be sufficient to induce similar cognitive deficits to LPS and that systemic IL-1RA would be protective against the LPS-induced working memory deficits. Human recombinant IL-1RA (10 mg/kg, i.p.) attenuated the LPS-induced deficit in T-maze performance (Fig. 8a) . Two-wayANOVArevealedsignificantmaineffectsoftime(pϭ0.0013, F (1,17) ϭ 14.85) and treatment (p ϭ 0.0306, F (2,17) ϭ 4.309), and a significant interaction (p ϭ 0.0149, F (2,17) ϭ 5.437). Bonferroni post hoc analysis showed a significant impairment in T-maze alternation postchallenge in the ME7ϩLPS-treated group with respect to ME7ϩIL-1RA (p Ͻ 0.001). Cotreatment with recombinant IL-1RA was protective (p Ͻ 0.05 vs ME7ϩLPS), implicating systemic IL-1 in the LPS-induced deficits in working memory.
Given these data, we further hypothesized that a systemic IL-1␤ challenge (15 g/kg, i.p.) would replicate the effects of LPS on working memory performance in diseased animals. To test this hypothesis, working memory was assessed by alternation in the paddling T-maze at the earlier time point of 1 h post-IL-1 challenge (Fig.  8b) . Furthermore, given that NS-398 and SC-560 are not licensed drugs for use in patient populations, we tested the ability of the commonly used and well tolerated nonselective COX inhibitor ibuprofen (30 mg/kg, i.p.) to protect against IL-1-induced cognitive deficits. Two-way ANOVA revealed significant main effects of time ( p Ͻ 0.0001, F (1,49) ϭ 19.25) and treatment ( p Ͻ 0.0001, F (3,49) ϭ 15.42), and a significant interaction ( p ϭ 0.0012, F (3,49) ϭ 6.22). Bonferroni post hoc analysis showed a significant impairment in T-maze alternation postchallenge in the IL-1-treated group with respect to ME7ϩsaline ( p Ͻ 0.001). Pretreatment with ibuprofen protected against this IL-1-induced impairment, indicating that COX inhibition with a more clinically acceptable, albeit nonselective, drug is also protective against inflammation-induced cognitive deficits occurring via systemic IL-1.
Discussion
We have shown here that as neurodegenerative disease progresses, the risk, severity, and duration of acute cognitive dysfunction induced by systemic inflammation increase. This occurs in parallel with significant upregulation of the prostaglandin biosynthetic enzyme COX-1 in microglia and PVMs. Systemic challenge with LPS causes marked working memory deficits that can be blocked by COX-1-specific inhibition but not by COX-2-specific inhibition. Furthermore, it is COX-1 rather than COX-2 that primarily drives diseaseassociated PGE 2 increases in the hippocampus and thalamus. We have also shown that systemic IL-1␤ can mimic and IL-1RA can block the effect of systemic LPS, and that upon IL-1␤ challenge the widely used NSAID ibuprofen affords significant protection against the cognitive deficits.
The inflammatory route to delirium
Despite the enormous medical and economic imperatives of understanding delirium, very little is known about its pathophysiology. However, there is evidence for an inflammatory component in episodes triggered by systemic infection and surgery. We investigated mechanisms of inflammation-induced cognitive dysfunction in the current study. Given that COX-2 is robustly induced at the brain endothelium in response to systemic inflammatory stimuli (Yamagata et al., 2001 ) and that COX-2 derived prostaglandins have been demonstrated to have roles in the generation of fever (Li et al., 2001 ) and sickness be- Figure 7 . COX-1-specific inhibition does not attenuate inflammatory responses to LPS challenge. Expression of IL-1␤, TNF-␣, IL-6, and CXCL-1 was measured in the plasma and the hippocampus and thalamus of ME7 animals 2 h after challenge with saline or LPS (100 g/kg), in the presence or absence of SC-560 (30 mg/kg). Plasma levels of proinflammatory cytokines were measured using DuoSet ELISA kits and brain transcription of proinflammatory cytokine transcripts using quantitative PCR. There was a significant main effect of challenge by two-way ANOVA, with post hoc Bonferroni tests indicating a significant effect of LPS: *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001 with respect to saline-challenged control, n ϭ 5 per group with the exception of ME7ϩsalineϩSC-560 (n ϭ 4). All data have been presented as the mean Ϯ SEM.
havior (Dunn et al., 2006) , it has been the pharmacological target of choice against neuroinflammation in several clinical trials. Here, we used the COX-2-specific inhibitor NS-398 with a view to blocking LPSinduced effects on cognitive function. However, COX-2 inhibition was not protective. Importantly, NS-398 successfully blocked the well described LPS-induced increase in hypothalamic PGE 2 , demonstrating efficacy at its specific target. Moreover, neuronal COX-2 is known to have a role in hippocampal memory function (Sang et al., 2005) , and its inhibition can impair learning, while COX-1 inhibition does not (Cowley et al., 2008) . Therefore, COX-1 may be a better pharmacological target.
It has recently become clear that COX-1 has an important role mediating the neuroinflammatory response in multiple settings (Choi et al., 2009) . COX-1 expression is increased in microglia in Alzheimer's disease (AD; Yermakova et al., 1999; Hoozemans et al., 2001) , and its inhibition was beneficial in AD studies in mice and humans (Gó mez-Isla et al., 2008; Coma et al., 2010) . Here, we found clear microglial expression of COX-1. We demonstrated that piroxicam significantly protected against LPS-induced cognitive deficits and diseasedassociated brain prostaglandin elevations. Piroxicam is a nonspecific COX inhibitor, with reported selectivity for COX-1 (Smith et al., 1994a, b; Mitchell et al., 1995; Blanco et al., 1999) . The complete ablation of PGE 2 synthesis observed with piroxicam suggests that at the current dose, it actually inhibits both isoforms. However, the COX-1-specific inhibitor SC-560 was also protective against acute cognitive dysfunction, and reduced hippocampal and thalamic PGE 2 concentrations, while the COX-2-specific inhibitor NS-398 did not afford protection against the LPS-induced working memory deficits and did not reduce the disease-induced elevation in brain PGE 2 levels. Recent studies inducing chronic hippocampal overexpression of IL-1␤ also showed that COX-1 was chronically elevated (Ն2 months) and was involved in inflammation-mediated cognitive change (Matousek et al., 2010) , and it is known that direct infusion of PGE 2 into the brain can induce working memory deficits (Matsumoto et al., 2004) and impair contextual fear conditioning (Hein et al., 2007) . The results presented here suggest that levels of COX-1-dependent prostaglandins are elevated in diseased animals and cause a vulnerability to working memory deficits when subsequently exposed to mild-to-moderate inflammation. Neither the chronic COX-1 elevation nor the acute inflammatory stimulation alone is sufficient to induce these deficits.
It is important to stress that the PGE 2 levels in the hippocampus and thalamus were robustly elevated by disease per se and were not significantly further elevated upon LPS treatment. IL-1␤ is known to induce PGE 2 synthesis (Dinarello et al., 1983) , with direct consequences for brain function (Engblom et al., 2003) . Here, in the diseased brain, COX-1-dependent prostaglandins dominate, and the small LPS-induced, COX-2-mediated PGE 2 is visible only during COX-1 inhibition (Fig. 6b) . Furthermore, NS-398 inhibition affected hypothalamic PGE 2 levels, but not hippocampal and thalamic levels (Fig. 5b,c) . Although COX-2 is robustly expressed in microglia during acute inflammation (Levi et al., 1998; Tomimoto et al., 2000) , there is evidence that COX-1 predominates in chronic neurodegeneration (Hoozemans et al., 2001 ) and in the M2 phenotype (Martinez et al., 2006; Ajmone-Cat et al., 2013) . Given the dominance of COX-1 in the generation of PGE 2 observed here, it is not surprising that the deleterious effects of prostaglandins on working memory are mediated by COX-1 rather than COX-2.
While pre-existing chronically elevated levels of prostaglandins appear important for the deficits observed, there is also a role for acutely elevated IL-1␤. Although there is evidence for direct effects of IL-1␤ on hippocampal neurons (Cunningham et al., 1996) and these apparently mediate deficits in the contextual fear-conditioning paradigm Frank et al., 2010; , we have shown here that systemically administered IL-1␤ induces working memory deficits in diseased animals and that systemically administered IL-1RA protects against LPS-induced deficits, suggesting a systemic role for IL-1␤. The contextual fear-conditioning task is reliant on slow protein synthesis-dependent consolidation of memory, and inflammation-induced impairment is associated with late-phase long-term potentiation disruption (Chapman et al., 2010) . This is manifestly different in nature to the T-maze alternation deficits shown here, which reflect a failure of working memory or short-term habituation and attentional processes (Sanderson et al., 2010) . These tasks are therefore predicted to rely on different neural processes, and the current data are consistent with distinct inflammatory mechanisms.
Given these results and the known neuronal expression of a number of different prostaglandin E receptors (Sugimoto and Narumiya, 2007) , prostaglandins may be stronger candidates for direct effects on neuronal function in the working memory paradigm. EP3 has been hypothesized to be involved in acute cognitive impairments via decreased brain-derived neurotrophic factor transcription (Hein and O'Banion, 2009). EP1 and EP3 have documented important roles in acute stress responses, which could play a role in the observed cognitive deficits (Mat- Figure 8 . Systemic IL-1RA blocks LPS-induced impairments in T-maze alternation, systemic IL-1␤ induces working memory deficits, and ibuprofen is protective. a, ME7 animals were challenged with LPS (100 g/kg, n ϭ 7) or saline (n ϭ 5) in the presence of human recombinant IL-1RA at a dose of 10 mg/kg, i.p. Control ME7 animals (ME7ϩLPS, n ϭ 8) were challenged with LPS and placebo. Data were analyzed by two-way ANOVA, and Bonferroni post hoc analyses followed significant main effects: ***p Ͻ 0.001 denotes a significant decrease in ME7ϩLPS with respect to ME7ϩIL-1RA; ϩ p Ͻ 0.05 with respect to ME7ϩLPS postchallenge. b, Working memory was assessed by alternation in the paddling T-maze at the earlier time point of 1 h post-IL-1 challenge. ME7 animals were challenged with recombinant IL-1␤ (15 g/kg, i.p.; n ϭ 10) in the presence of ibuprofen administered at (30 mg/kg, i.p.), 60 min before IL-1␤ injection. Control NBH and ME7 animals (NBHϩIL-1, n ϭ 14; ME7ϩIL-1, n ϭ 15) were challenged with IL-1␤ or saline (ME7ϩSaline, n ϭ 14) 60 min after vehicle (Saline) injection. Data were analyzed by two-way ANOVA, and Bonferroni post hoc analyses followed significant main effects: ***p Ͻ 0.001 denotes a significant decrease in ME7ϩIL-1 with respect to ME7ϩsaline; ϩϩ p Ͻ 0.01 denotes a significant protection with respect to ME7ϩIL-1 postchallenge. All data have been presented as the mean Ϯ SEM. suoka et al., 2003) . There are also data demonstrating a key role for EP3 in the generation of A␤ peptides and synaptic degeneration in the APP/PS1 model of Alzheimer's disease (Shi et al., 2012) . Although we have shown robust PGE 2 expression, levels of multiple prostanoids would be affected by COX-1 inhibition, and it is therefore plausible that other prostanoids may contribute to the deficits observed. Nonetheless, the COX-1 dependence reported here is robust and likely to generalize to neurodegenerative disease more broadly, since COX-1-positive microglia are a feature of AD (Yermakova et al., 1999; Hoozemans et al., 2001) and many other neurodegenerative diseases (Lima et al., 2012) .
Clinical evidence for inflammation in delirium
We have shown protection against the acute working memory deficits induced by LPS using a drug that blocks prostaglandin synthesis but having no effect on blood or brain cytokine synthesis. Thus, SC-560 is acting to inhibit prostaglandin production specifically and not through other anti-inflammatory pathways ascribed to NSAIDs, such as peroxisome proliferator-activated receptor-␥-mediated inhibition of proinflammatory gene transcription (Landreth and Heneka, 2001, 2007) . The cytokines IL-6 and IL-8 have been associated with delirium in a number of post-hip fracture cohorts (Beloosesky et al., 2007; van Munster et al., 2008; MacLullich et al., 2011) , but it is not clear whether these cytokines represent measures of the severity of the systemic inflammatory insult or are causal in delirium. The current studies suggest that IL-1␤ is causative when superimposed upon disease-associated, chronically elevated, brain prostaglandins. Although speculative, it seems plausible that elevated brain levels of prostaglandins create a permissive state that is not sufficient to induce cognitive dysfunction, but upon subsequent inflammatory stimulation, a synergism between prostanoids and additional inflammatory mediators triggers the acute dysfunction. Our previous work has argued that microglial priming and the consequent exaggerated CNS inflammatory response may be a key contributor to deleterious cognitive consequences of systemic inflammation in the aged and demented Cunningham and Maclullich, 2013) . The current data begin to elucidate how microglial expression of COX-1 creates a predisposition to acute cognitive deficits, which can then be triggered by acute systemic inflammatory insult. Systemic IL-1␤ is sufficient to act as this trigger, but there remain significant questions to answer about how this interaction occurs.
Conclusion
We have demonstrated a role for COX-1 in acute and transient working memory deficits resembling delirium, and provide clear empirical evidence that progressing features of neurodegenerative disease increase the risk, duration, and severity of episodes of acute cognitive dysfunction. In addition to microglial COX-1 elevation, it is highly likely that there are additional factors that predispose the neurodegenerative brain to delirium, which merit further study. We propose that COX-1-generated prostaglandins constitute an important part of the inflammatory cascade leading to delirium during dementia (Cunningham and Skelly, 2012) . We have highlighted the ability of a well tolerated, widely used NSAID to offer protection in this model, suggesting that in appropriate populations ibuprofen might be investigated as a potential prophylactic treatment or intervention for delirium of inflammatory etiology, such as that associated with systemic infection or surgery, particularly on a background of existing dementia.
